A B ST R AC T Flubendazole is a widely used anthelmintic drug belonging to benzimidazole group. The molecular mechanism of action of flubendazole is based on its specific binding to tubulin, which results in disruption of microtubule structure and function, and in the interference with the microtubule-mediated transport of secretory vesicles in absorptive tissues of helminths. The microtubule-disrupting properties of benzimidazole derivatives raised recently interest in these compounds as possible anti-cancer agents. In this minireview flubendazole effects towards selected human malignant cells including myeloma, leukemia, neuroblastoma, breast cancer, colorectal cancer and melanoma are discussed along with basic data on its pharmacokinetics, metabolism and toxicity.
INTRODUCTION
Cancer continues to be one of the leading causes of morbidity and mortality worldwide. Although there are numerous researches about anticancer therapy, with many lead candidates at various stages of preclinical or clinical research, only 5% of compounds originally entering Phase I clinical trials are in the end approved (1) .
Historically, discovery of novel antineoplastic agents was essentially linked with pharmacological and biochemical analyses of diverse natural sources including microorganisms, animals and plants, often followed by total chemical synthesis or modification of identified individual compounds. This approach has been lately complemented by screening assays of libraries of all known and identified compounds with aim of selection of potentially suitable candidates for further testing. Although these mentioned strategies are still used, they suffer from several potential drawbacks including time cost, financial burden and laboriousness. New strategies are therefore needed to optimize the development of new, potent antineoplastic compounds. One of the promising strategies is drug repositioning (or repurposing). Drug repositioning is the process of searching for new indications of existing drugs (2) . This is potentially efficient approach since many existing drugs are of established formulations produced by standardized manufacturing methods and their pharmacokinetic, pharmacodynamic and toxicity aspects are well known, thus reducing the chance of their future failure due to adverse side effects. Moreover, reduced cost of development as well as the shortened overall time required for approval can also be considered an advantage (1, 3, 4) . These all factors contributed to the fact that to the date, there are at least 46 approved drugs already repositioned for new therapeutic uses as indicated in literature (5) .
One of the potential pharmacological candidate for repurposing is flubendazole. Flubendazole ([5-(4-fluorobenzoyl)-1H-benzimidazole-2-y1]-carbamic acid methyl ester) belongs to the class of synthetic anthelmintic compounds ( Fig. 1) which was found by Janssen company in 1970s. This compound belongs to the group of benzimidazole carbamates -drugs widely used in human and veterinary medicine against parasitic worms. The members of this group including flubendazole show wide range of efficiency towards gastrointestinal nematode infections in swine, poultry and domestic animals, as well as against lungworms in swine. In these indications, flubendazole is usually administered over 3 days at doses of approximately 5 mg/kg, but it is probably also efficient when given as a single dose at this same rate. In Europe, flubendazole is registered also for human use under the commercial name Fluvermal ® for treatment of intestinal nematodes (4).
MECHANISM OF ACTION
The mechanism of action of benzimidazole carbamates encompasses their ability to specifically bind and interact with the microtubule subunit protein of ß-tubulin (6) . Microtubules, filamentous intracellular structures, are among main components of the eukaryotic cytoskeleton. They are composed of a single type of globular protein, called tubulin. Tubulin is a heterodimer consisting of two closely related polypeptides, α-tubulin and β-tubulin. Accordingly, it has been found that benzimidazole carbamates generally interact with mammalian tubulin even if the affinity for a mammalian tubulin is weaker compared with the one of helminths (7) . Since microtubule structures are very important for many vital functions of the parasite such as proliferation, mitosis, intracellular transport of organelles, maintenance of cell shape or cell locomotion, alteration of microtubular assembly and dynamics leads to the final destruction of the parasite (6, 8, 9) . In addition, benzimidazole carbamates may also inhibit energy metabolism of parasite cells. They cause disruption of transport and metabolism of glucose, resulting in energy and glycogen store depletion and loss of cellular motility. Even this process ultimately contributes to the death of the parasite (10, 11) .
PHARMACOKINETICS
Benzimidazole carbamates including flubendazole are usually administered orally and absorbed through the gastrointestinal tract. Only small quantities of flubendazole are resorbed after oral treatment of pigs, rats, sheep, dogs and humans (12) . Flubendazole is very poorly soluble in aqueous systems, which are found in the gastrointestinal tract, causing its low absorption to the bloodstream and thus very low bioavailability. Maximal plasma concentration levels of flubendazole in humans were lower than 5 ng/ml even after an oral dose of 2 g. Its absorption is markedly increased if the substance is used immediately after a meal (13) . More than 80% of an oral dose is excreted in feces and only very small amounts of unchanged drug (less than 0.1%) are found in the urine. The half-life of flubendazole in tissues is 1-2 days (14, 15) . Low bioavailability is the main limitation for use of flubendazole for treatment of many tumors thus its potential future use in oncology must be associated with modifications enhancing its availability. It was established that the dosage of the benzimidazole drug doesn't have an influence on the area under the concentration curves (AUC). For example dogs treated with fenbendazole with a single dose with a different range of 25 to 100 mg/kg had similar AUC level (16) . Another study has found that the maximum concentration (C max ) of flubendazole observed after its administration is significantly higher when solution is used instead of suspension. Moreover it was demonstrated that hydroxypropyl-β-cyclodextrin significantly increases aqueous solubility of flubendazole, which resulted in the higher plasma C max and enhanced its absorption and bioavailability in treated mice (17) . Hydroxypropyl-β-cyclodextrin is commonly-used reagent for enhancing bioavail-ability of lipophilic drugs and can be used in both liquid and solid dosage forms (4).
METABOLISM OF FLUBENDAZOLE
There are two possible ways of flubendazole biotransformation. Absorbed flubendazole is during first-pass metabolism transformed in the liver, where hydrolysis of carbamate or reduction of ketone could take place. Ketoreduction to methyl [5-[(fluorophenyl)hydroxymethyl]-1H-benzimidazol-2-yl]carbamate was the major metabolic pathway verified in chickens and turkeys. Second metabolic pathway is carbamate hydrolysis to (2-amino-1H-benzimidazole-5-yl)(4-fluorophenyl)methanone, which is the major metabolic pathway in pigs. Products of both mentioned pathways are later converted to 2-amino-α-(4-fluorophenyl)-1H-benzimidazole-5-methanol. Metabolic pathways of flubendazole are shown in scheme ( Fig. 2, 18 ).
The median lethal dose of flubendazole was explored in mice, rats and guinea pigs and was determined to have the value exceeding 2.56 g/kg (12) . In selected animal species flubendazole-dependent teratogenic effects as well as its influence on fertility were tested. In all these species, flubendazole was well tolerated. In pigs, flubendazole showed no teratogenicity and didn't have any effect on their fertility. Similarly, it did not affect reproductive ability or egg quality in hens and did not significantly diminish fertility in pheasants. Moreover, lack of any negative flubendazole-specific effect on reproductive performance was noted in the study with dogs. Finally, in rats fluebendazole failed to produce any embryotoxic, foetotoxic, or teratogenic effects.
In several in vitro assays on gene mutation in bacteria and yeast cells as well as in in vitro assays on DNA damage in Drosophila melanogaster flubendazole tested negative. A carcinogenicity study in Wistar rats reported no evidence of transformation potential of this compound (14) . Furthermore, toxicity studies in humans showed that treatment with flubendazole of neurocysticercosis with doses 40 to 50 mg/kg/d for 10 days and treatment of alveolar echinococcosis with doses 50 mg/kg/d for 24 months produced no toxicity and adverse effects (19, 20) .
ANTICANCER ACTIVITY OF BENZIMIDAZOLE CARBAMATES IN PRECLINICAL MODELS
A number of reports demonstrated ability of benzimidazole carbamates to inhibit polymerization of mammalian tubulin in vitro. These results raised the question of whether this class of compounds could inhibit tubulin polymerization in human cells too and if so whether such a targeted effect could lead in a wider context to their antiproliferative and/ or antitumor effects. First study to address this issue was published in 1985. It investigated a number of 5(6)-substituted methyl benzimidazole carbamate analogues and their activity against mouse leukemia cells L1210. In 1989, Robin et al. subsequently proved that benzimidazole carbamate albendazole is cytotoxic in hepatocellular carcinoma cell line Hep2G. Despite this early promising evidence, more thorough inquiry into antiproliferative potential of benzimidazole carbamates was realized almost after a decade only. In a panel of human, rat and mouse tumor liver cell lines albedazole at concentrations of 100 nM and higher was found to inhibit proliferation of all tested cells which correlated with concentration-dependent changes in cell cycle distribution. Upon lower employed albendazole concentrations (up to 500 nM), exposed cells accumulated in G1 phase while higher albendazole concentrations (around 1000 nM) mediated in the same cells transition delay through G2/M or mitosis. These in vitro observations were then by the same authors recapitulated in vivo using a xenographt model in which the growth of subcutaneous tumors induced by implantation of human tumor SKHEP-1 cells into nude mice was inhibited by the application of albendazole although at higher dose of 300 mg/kg/day only. Such a significant difference in effective albendazole concentrations in both models was attributed to the very high rate of metabolism of albendazole in mice and the poor blood supply to the studied tumor. Despite these observations, however, authors concluded that albendazole has a promising antitumor potential to be further investigated for the potential human use (21) .
The anti-tumor efficiency of albendazole was also studied in a model of colorectal cancer. Albendazole and its main metabolite albendazole sulfoxide were found to potently inhibit growth and proliferation of human colorectal cell line HT-29, with the IC50 values of 0.12 µM for albendazole and 2.35 µM for albedazole-sulfoxide, respectively. Cytotoxicity of the same compound was also investigated in other colorectal cancer cell lines representing various stages of this malignancy (SW480, SW620, NCM460, Caco2 and HCT-8) where the most sensitive proved to be HCT-8 cells (IC50 0.4 µM). Generally speaking, the main mechanism behind the observed effects of the employed compounds was induced arrest of cells at G2/M phase of the cell cycle and presence of caspase-3-mediated apoptosis (22) . Furthermore, in nude mice HT-29 xenografts, regionally administered albendazole (150 mg/kg/i.p.) proved its efficacy in peritoneal carcinomatosis (23) .
In paclitaxel-resistant leukemic cells CEM/dEpoB300 treatment with albendazole induced significant cytotoxicity (IC values being as low as 0.32 µM in CEM and 0.16 µM in CEM/dEpoB300). Albendazole in this case stimulated massive depolymerization of microtubular network and activation of morphologically distinct apoptosis occurring via downregulated expression of BCL-2 and MCL-1 proteins, mitochondrial release of cytochrome c and increased abundance of proapoptotic BAX as well as caspase-3 (24) . Depolymerization of microtubules as a result of albendazole presence in the cell and resulting cell death was also confirmed in ovarian cancer cells sensitive (1A9) and resistant to paclitaxel (1A9PTX22) (25) .
Another benzimidazole carbamate mebendazole was found effective in a number of in vitro models including adrenocortical carcinoma cell lines (26), non-small lung cancer cells (27) , cholangiocarcinoma cancer cells (in vivo activity was noted too) (28) , malignant melanoma cells (29) , colon cancer cells (30, 31) and gastric cancer cells, where it could not only inhibit their growth but also migration and invasion (32) .
ANTICANCER ACTIVITY OF FLUBENDAZOLE IN PRECLINICAL MODELS
Anti-tumor activity of flubendazole was first reported in leukaemia and myeloma cells originating from both established stabilized cell lines as well as from patients samples. At low and pharmacologically feasible nM concentrations, flubendazole induced mitotic catastrophe and cell death in malignant cells and delayed tumour growth in vivo. Mechanistically, flubendazole altered microtubule structure and inhibited tubulin polymerization by interacting with a site on tubulin similar to colchicine but distinct from that of Vinca alkaloids. A similar interaction with tubulin was also noted for mebendazole. However, other benzimidazole carbamate benomyl has been found to inhibit tubulin polymerization by interacting at a site distinct from both the colchicine and the Vinca domains. Thus, the actual mechanism of benzimidazoles-mediated inhibition of tubulin formation in exposed cells apparently varies within family members and may provide rationale for their putative usefulness in cases of recognized particular microtubule alterations in malignant cells.
Even more importantly, in cells resistant to vinblastine because of overexpression of P-glycoprotein full sensitivity to flubendazole was retained. In addition, flubendazole when supplied with both vinblastine and vincristine in vitro could reduce the viability of OCI-AML2 cells and delay tumor growth in a leukemia xenograft model more than either drug alone (33) .
In a screen of a panel of 321 cell lines including cell lines from 26 cancer entities was neuroblastoma identified as another highly flubendazole-sensitive malignancy type.
In the more refined screen aimed now on neuroblastoma model only, flubendazole displayed broad activity towards primary neuroblastoma cells obtained from five patients and a panel of 140 neuroblastoma cell lines with acquired drug resistance against major microtubule-binding compounds, with confirmed independence on major ABC transporters ABCB1 and ABCG2 expressions. The anti-neuroblastoma activity of flubendazole involved p53-signalling where the MDM2 inhibitor and p53 activator nutlin-3 strongly potentiated the observed flubendazole effects. Further inquiry into mechanisms of flubendazole-induced apoptosis suggested PUMA to be a key mediator of the induced effects. In addition, a water-soluble flubendazole-(2-hydroxypropyl)-β-cyclodextrin preparation inhibited vessel formation and tumor growth in the chick chorioallantoic membrane model in vivo, thus attesting to the potential treatment potential of flubendazole in neuroblastoma and feasibility of its further testing (34) .
In another recently published study, flubendazole inhibited proliferation of several breast cancer cell lines (MDA-MB-231, BT-549, SK-BR-3 and MCF-7) in dose-and time-dependent manner and was shown to delay tumor growth in xenograft models by intraperitoneal injection. Flubendazole-based antiproliferative activity was also investigated on the small panel of colorectal cancer cell lines. Predictably, flubendazole inhibited the growth of these cells by the cell cycle arrest in the G2/M phase and also potentiated the effect of paclitaxel in this cellular model (22) . In colorectal cancer SW480 and SW620 cells, low concentrations of flubendazole were cytotoxic as demonstrated by the presence of disrupted microtubular network, aberrant mitotic spindles and cell cycle perturbations accompanied by changes in CYCLIN D and B1 levels. Resulting activation of CASPASE-2 and CASPASE 3/7 as well as PARP cleavage lead to mitotic catastrophe and appearance of premature senescence phenotypes with typical giant multinucleated cells positive for SA-β-galactosidase staining. Although significant in their extent, these flubendazole-related effects were only temporary in their appearance and exposed cells were able to recover from them. This observation raised several important questions (such as the issue of longer term response rates of cancer cells to this compound as well as the nature of mechanisms enabling the rescue of cells undergoing mitotic catastrophe and/or premature senescence etc.) prompting the need of further studies in this field (37) .
In our laboratory, we are investigating effects of flubendazole on malignant melanoma. Melanoma is the most aggressive form of skin cancer, with a high propensity to metastasize (38) . Most metastatic melanoma patients fail to respond to available therapy, underscoring the need for innovative processes to identify more effective treatment. In line with the repositioning strategy, biological effects of selected benzimidazole carbamates were already investigated in melanoma models. Doudican et al. focused on potential mebendazole activity in chemoresistant M-14 and SK-Mel-19 cell lines. He proved that this compound effectively inhibited the growth and proliferation of malignant melanocytes (IC50 was 0.32 μM) while having a minimal effect on the normal melanocytes. Mebendazole effects were mediated via induced phosphorylation of BCL-2 which contributed to the proapoptotic signaling and resulting cell death. In the light of fact that BCL-2 is widely expressed in human melanoma with a recognized role in melanoma chemoresistance, this discovered mebendazole's activity is of particular interest and deserves further examination (29) . Supporting this conclusion is also the fact that mebendazole treatment decreases expression levels of another key antiapoptotic protein -X-linked inhibitor of apoptosis (XIAP) both in vitro and in human xenographt melanoma model. This inhibition may occur partially through proteasomal degradation of XIAP and/or via stimulated interaction of SMAC/DIABLO with XIAP (38) .
Our of results on antiproliferative activity of flubendazole obtained from model melanoma cell lines Bowes, A-375 and RPMI-7951 generally concur with the findings of Michaelis et al. although our determined IC50 values were generally higher than those reported in their employed melanoma models. We also proved flubendazole-dependent stimulation of mitotic catastrophe with resulting caspase-dependent cell death in all exposed melanoma cells, however, unlike in case of mebendazole with varying contribution of individual signaling pathways and negligible involvement of BCL-2 and XIAP proteins. These results clearly suggest that flubendazole may interfere with a variety of signaling pathways and/or targets which among other factors reflects genotypic and phenotypic differences in melanoma cell populations and warrants more detailed further studies.
ANTICANCER ACTIVITY OF BENZIMIDAZOLE CARBAMATES IN CLINICAL STUDIES
So far, no clinical study on flubendazole effects in human malignancies has been conducted. Still, there exists some clinical information on other members of benzimidazole carbamate family. A pilot study on albendazole in 7 patients with advanced hepatocellular cancer or colorectal cancer with hepatic metastases refractory to other forms of therapy was conducted over 28 days. In patients who received albendazole at 10 mg/kg/day orally in two divided doses tumor markers (carcinoembryonic antigen or alpha-feto protein) were measured and hematological as well as biochemical parameters were obtained to monitor potential bone marrow, kidney or liver toxicity. Results of this study confirmed a good tolerance of albendazole in all patients with only concern being severe neutropenia in three of them. Importantly, albendazole treatment resulted in decrease of followed tumor markers in two patients while in three others the markers were stabilized, thus demonstrating that albendazole shows antitumor activity in humans (39) . In the subsequent dose-finding phase I study of oral albendazole in patients with refractory solid tumors thirty-six patients received doses of 400 mg with dose escalation until 1,200 mg twice a day in a 3 week cycle with serial blood sample collection up to 96 h and on day 8 of cycles 1 and 4. The results of this study confirmed that albendazole was well tolerated on the tested treatment schedule, with main dose-limiting toxicity being myelosuppression. Authors recommended the dose of 1,200 mg albendazole twice daily for 14 days in a 21-day cycle for further study (40) .
Currently, two clinical trials of mebendazole in brain tumors are carried out. The first one is a phase I open label study in newly diagnosed high-grade glioma patients receiving temozolomide. Patients are treated on a 28 day cycle of 500 mg oral mebendazole three times a day. The primary aim is to determine the maximum tolerated dose of mebendazole with temozolomide and to determine whether this combined regimen can slow tumour progression. The study was completed in September 2016 with no results reported yet. The second clinical trial is phase I and II pilot study of mebendazole in combination with vincristine, carboplatin, and temozolomide. The mebendazole dose is 100 mg twice a day during 70 weeks of treatment. The primary objective of the phase I is verify tolerability of mebendazole dose with the current three-drug regimen. For the phase II aims include time of progression-free status in patients and their overall survival. The study is currently recruiting participants and estimated study completion date is April 2020 (41) .
CONCLUSION
There is ample evidence that several benzimidazole carbamates and in particular flubendazole and even to a higher degree albendazole and mebendazole show anti-tumor potential in vitro, in vivo, and in silico. Despite the fact that all of them primarily target microtubular system, their concrete mechanisms of action are slightly different. One explanation of this variability might relate to their structural similarity with nucleotides which enables their interaction with a variety of biomolecules. Resulting is the diverse range of mechanisms of action such as reduction of fumarate or glucose uptake in addition to their interaction with cytoskeleton which en face with often chemoresistant and aggressive tumor cells could represent natural advantage. Another strong advantage concerning the potential use of flubendazole as well as other two more intensively studied benzimidazole carbamates is their desmontrated synergism with several clinically approved drugs. To this end published data from clinical trials albeit very limited and preliminary strongly argue in favor of these compounds with well-established pharmacokinetics, excellent toxicity profile and low-cost and warrant their individual further evaluation in oncology.
